Introduction {#s0005}
============

American Cancer society estimated that about 1.7 million new cancer cases and 609,640 deaths occurred in 2018 in US [@b0005]. Lung cancer is the leading cause of cancer death due to established risk factors such as smoking, overweight, physical inactivity, and changing reproductive patterns associated with urbanization and economic development [@b0005]. The common type of cancer deaths include lung (1.69 million), liver (788,000), colorectal (774,000), stomach (754,000) and breast (571,000) cancer [@b0010]. Annual healthcare cost for treating cancer in 2010 has been approximately US\$ 1.16 trillion [@b0015]. These figures clearly indicate that the economic impact of cancer is very high. [Table 1](#t0005){ref-type="table"} provides brief summary of cancer severity in the US population estimated in 2018 [@b0005].Table 1Estimated new cancer cases and deaths in the United States, 2018 (compiled from [@b0005] with permission from American Cancer Society. Modified Cancer Facts and Figures 2018. Atlanta: American Cancer Society, Inc.).Organ specific cancerNew casesEstimated deathsBoth sexMaleFemaleBoth sexMaleFemaleTongue17,11012,490462025101750760Esophagus17,29013,480381015,85012,8503000Stomach26,24016,520972010,80065104290Small intestine10,470543050401450810640Colon and Rectum140,25075,61064,64050,63027,39023,240Lung and Bronchus234,030121,680112,350154,05083,55070,500Melanoma (skin)91,27055,15036,120932059903330Ovary22,24022,24014,07014,070Prostate164,690164,69029,43029,430Acute myeloid leukemia19,52010,380914010,67061804490Eye and orbit354021301410350190160Urinary System150,350107,60042,75033,17023,11010,060

Current cancer treatments such as tumor surgery, chemotherapy, immunotherapy, hormonal treatment are inherently associated with some limitations. For example, tumor surgery is not effective in mitigating metastases, radiation therapy is expensive as well as time consuming. In chemotherapy the anticancer drugs can quickly spread throughout the body and is ineffective in killing metastatic cancer cells. Moreover, these drugs are highly toxic to healthy cells and can potentially decrease patient's survival rates. While the drugs used for immunotherapy are known to develop toxicities and adverse events (in 1--95% of patients) related to skin, gastrointestinal, endocrine, hepatic, pulmonary, and renal [@b0020]. To address these limitations drug delivery systems (DDS) have been developed to target specific tumor cells and release active biomolecules at specific site of infection thus eliminating the side effects of these drugs. However, DDS often use nanoparticles (NPs) as drug carriers, which pose risks of toxicity and solubility in the biological matrices. Earlier investigations revealed that excessive exposure of NPs can cause pulmonary inflammation, immune adjuvant effect, and blood coagulation [@b0025]. Another important limitation of NPs based DDS is their entrapment in the mononuclear based phagocytic system of liver and spleen. The inherent agglomeration potential of NPs restricts their systemic circulation. Therefore, appropriate surface modification is required to reduce their agglomeration and associated cytotoxicity. Other common challenges of NPs based DDS for cancer therapy include poor site-specific accumulation, production cost, inability to cross Blood-Brain barrier for neurodegenerative diseases and brain tumors, difficulties in entering the tumor microenvironment, poor metastases. Some of the important issues related to NPs based DDS for cancer treatment are summarized in [Table 2](#t0010){ref-type="table"}.Table 2Important limitations of popular drug delivery systems (DDS).Drug delivery systemLimitationsRef.Polymeric micellesLow drug loading, reduced stability, limited targeting ability[@b0030]DendrimerLow encapsulation efficiency, poor storage stability.[@b0035]Solid Lipid NPsInsufficient drug loading and relatively high water content of the dispersions.[@b0040]LiposomeExpensive, leakage and fusion of encapsulated drug/molecules, short half-life and stability issues.[@b0045]Quantum DotsRapid clearance, complex synthesis process, poor localization.[@b0050]  *Inorganic DDS*Layered double hydroxide (LDH)Poor target recognition, low efficiency, uncontrolled particle size and its distribution can lead to *in-vivo* tissue damage.[@b0055]Gold NPsUncertain *in-vivo* kinetics, tumor target efficiency, acute and chronic toxicity.[@b0060]Iron OxideReunion phenomenon[@b0065]MSN (Mesoporous Silica NPs)Hemolysis and melanoma promotion.[@b0070]

Alternative cancer treatments involving the use of non-invasive approaches can potentially eliminate infections and scar formation associated with surgery, as well as minimizes the side effects of chemotherapeutic drug overdose. Non-invasive cancer treatment approaches, with or without DDS, typically use various physical stimuli such as light, heat, magnetic field, electrical field, ultrasound [@b0075]. These approaches have shown good potential to improve treatment efficiency, reduce treatment costs, eliminate infections and scar formation. Important mechanisms associated with these non-invasive approaches in inhibiting cancer cell growth include hyperthermia, controlled drug release, mechanical stress, changing membrane permeability, etc. [@b0080], [@b0085]. For example, the use of ultrasound increased reactive oxygen species (ROS) production inside the tumor of a mice administered with TiO~2~ NPs and then suppressed the tumor growth [@b0090]. Further, inherent electrical characteristics of cells (responding to external electrical fields due to the presence of ions, charged molecules, membranes and organelles) have been effectively exploited to inhibit cancer cells using external electrical fields [@b0095]. Some of these external stimuli have also been used to alter membrane permeability thereby improving the efficiency of DDS based cancer treatments. However, in this review we focus on the effects of magnetic fields and ultrasound on cancer cells, and their application for cancer treatment in the presence of anticancer drugs and DDS.

Biological effects of magnetic fields {#s0010}
=====================================

Magnetic fields are well known to boost blood circulation in tissues and stimulate body metabolism. Proper blood circulation is extremely important to provide oxygen to different organs, muscles and tissues thus ensuring their healthy function. Generally wounds and painful areas of the body suffer from lack of oxygen and poor blood circulation. Low-frequency pulsed magnetic therapy is widely being used to induce detoxification (cleansing) effect and enhanced metabolism. Typically magnetic therapy induces weak electrical currents in the tissues, which enhances surface potential of cells leading to enhanced blood circulation, oxygenation, nutrient supply and better removal of metabolic waste from the exposed body tissues [@b0100]. Magnetic fields have also been used as natural pain killers, to promote repair and healing, reduce swelling, stiffness and acidity from the wounds. Magnetic fields have been found to stimulate collagen density in and around the joints, and help to trigger Ca^2+^ flow to the defect site resulting in faster bone healing [@b0105]. Studies on blood microcirculation revealed that magnetic fields have strong influence on relaxation and constriction of capillary blood vessels which alters the blood flow. *In vivo* experiments performed on rats with 70 mT magnetic field demonstrated clear increase in the blood flow due to dilation of blood vessels [@b0110]. The magnetic field assisted enhancement of blood flow reduced the swelling (up to 50%) in rat paws when the magnetic field was applied immediately after injury [@b0110]. At molecular level static magnetic field (SMF) appears to change several cytokines and interleukin from lymphocytes and macrophages. The anti-inflammatory activity of SMF has also been demonstrated via controlling secretion of pro-inflammatory cytokines (IL-6, IL8, and TNF-α) and enhanced anti-inflammatory cytokines production (IL-10) [@b0115]. Since inflammation is closely linked to cancer and likely increase in the cancer risk due to chronic inflammation, the SMF exposure could be a potential approach to treat cancer.

Alternating magnetic fields (AMF)/pulsed magnetic fields (PFM) can induce small electric currents, in conducting tissues, directly proportional to the field frequency. At very high frequencies or amplitudes, induced currents can generate excessive heat in the tissues and cause thermal damage. On the other hand, at extremely low frequencies (∼0--300 *Hz*) and very low frequencies (∼300--100,000 *Hz*) the tissue heating is negligible, but the induced currents, if sufficiently strong, can stimulate electrically excitable cells such as neurons for their treatment. The AMF generated heat can also be used for physiotherapy and other treatments [@b0120]. In general, the glycolysis and glucose oxidations are decreased in diabetic patients leading to lower ATP production. However, increase in the insulin, glycogen as well as decrease in the glucose level were observed in a diabetic rat exposed to AMF [@b0125]. Further, it was found that the blood cholesterol, glucose and triglyceride levels of diabetic rats were lowered with AMF exposure. Gordon [@b0125] showed the selective effect of AMFs on atherosclerotic lesions without harming blood vessels. Reported biophysical changes caused by electromagnetic fields on atherosclerotic plaques can aid further developments in selective treatment of atherosclerosis.

Magnetic field assisted cancer treatment {#s0015}
----------------------------------------

The effects of magnetic fields on cancer cells/tumors depends on three main mechanisms namely (1) thermic effect, (2) cavitation effect, and (3) non-thermic/non-cavitation effect [@b0130]. PMF have been used to actuate localized hyperthermia in the tissues where magnetic nanoparticles (MNPs) have been accumulated [@b0135]. PMF treatment has also been advocated for advanced stage of cancer (Stage 3 and 4) primarily because of their intolerance towards chemotherapy due to decreased functionality of several organs [@b0140]. Extremely low frequency PMF has also been shown to inhibit murine malignant tumor growth by arresting neoangiogenesis required for tumor growth [@b0145]. However, with repeated use of PMF the cells found to acquire thermo-resistance, as a result the treatment efficiency decreases [@b0150]. In contrast, the use of SMF induces oxidative stress leading to the damage of cancer cellular membrane ion channels followed by apoptosis. Moreover, the interaction between SMF and polar, ionic molecules of cellular compartment produces reactive oxygen species (ROS) because of pro-inflammatory changes inside the cancer cell [@b0150], which inhibit their growth and proliferation. So far the use of magnetic fields towards cancer treatment has shown promising results in animal studies, which demonstrate their application potential as adjuvant therapy. Furthermore, magnetic fields can induce Joule's heating and expand cancer tumor blood vessels. These expanded blood vessels enable excessive oxygen to enter the tumor and create hindrance to the survival of cancer cells in oxygen-rich tumor environment. The expanded blood vessels also allow more Natural Killer (NK) cells to enter the tumor thus interfering with cancer cell activities [@b0155]. On the other hand, cancer cell eventual distribution, inside the body, requires formation of new blood vessels, which depends on Vascular Endothelial Growth Factor (VEGF) in the blood. Application of magnetic fields can significantly decrease VEGF level and therefore reduces the growth and distribution of cancer to other parts of the body [@b0160]. It has been observed that SMF interacts with the charged molecules (ions, proteins etc.) of biological system through several physical mechanisms and alters the activity, concentration, and life time of paramagnetic free radicals i.e. ROS (reactive oxygen species), RNS (reactive nitrogen species), which causes oxidative stress, genetic mutation, and apoptosis in cancer cells [@b0165]. These ROS and RNS are known to play important roles in natural immunological defense [@b0170] of the body against cancer through intracellular signaling pathways. However, free radical production can also damage ion channels of cancer cells leading to changes in their morphology and apoptosis.

Modern magnetic field assisted cancer therapy uses electromagnetic field (EMF), which can generate much higher hyperthermia in the presence of magnetic NPs. In this treatment, EMF is focused on to a tumor at frequencies that will selectively heat the tumor. However, such hyperthermia based cancer treatments often suffer from low radiation selectivity, long treatment times and potential necrosis in the surrounding healthy tissues. Molecular interactions between the heat and tumor tissues have strong influence on angiogenesis (formation of new blood vessels) and vasculature system, which increased the interest in clinical use of magnetic fields for cancer treatment [@b0175]. The high temperature generated during hyperthermia increases cell membrane fluidity, permeability and activates immune system, which can damage cancer cell DNA by deactivating specific repair proteins (chaperone) [@b0180]. These changes are responsible for the observed disturbances in homeostasis that triggers various signaling cascades and cancer cell apoptosis [@b0185]. In addition to hyperthermia, thermo-ablation based treatments have also been attempted using AMF to treat tumors loaded with iron oxide NPs [@b0190]. Generalized experimental set up used for magnetic field assisted cancer treatment is shown in [Fig. 1](#f0005){ref-type="fig"}. *In vitro*, *in vivo*, and clinical effects of different magnetic fields on cancer are summarized in [Fig. 2](#f0010){ref-type="fig"}.Fig. 1Typical experimental set up for cancer treatment using magnetic fields (a) *In vitro* and *in vivo* treatment (b) Clinical trials.Fig. 2Summary of effects of magnetic fields on cancer (adapted from Verginadis et al. [@b0195] under the terms of the Creative Commons Attribution 3.0 License).

Effect of static magnetic fields (SMF) on cancer {#s0020}
------------------------------------------------

Static magnetic fields of varying strengths have been used, both *in vitro* and *in vivo*, to study their influence on cancer cell inhibition and tumor progression, with/without NPs and drugs [@b0200]. The interaction between SMF and cancer cells primarily depends on ROS modulation (generation or reduction) due to enzymatic reactions [@b0165]. Change in the radical pair recombination rates of oxygen inside the cell generally initiates membrane damage followed by cell lysis. The production of ROS directs DNA damage in cancer cells through Fenton reaction. The Fenton reaction is a process that is catalyzed by iron in which hydrogen peroxide (a product of oxidative respiration in the mitochondria) is converted into hydroxyl free radicals that are very potent and cytotoxic molecules. Schematic diagram showing the production of ROS through Fenton reaction is presented in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3Typical ROS production via Fenton reaction.

Vergallo et al. [@b0205] used NdFeB permanent magnets to create SMF and studied its effect on neuroblastoma cells *in vitro*. In this work, SH-SY5Y cells (Human neuroblastoma) were treated with 200 mT SMF along with 0.1 mE cis-Pt (Cis-DichloroDiammine Platinum II). After 2 h of SMF treatment the cell viability decreased by 30% due to over expression of caspase-3 protein (46%), which plays a central role in cellular apoptosis. After 24 h of SMF exposure the production of ROS also increased by 23%. In another study [@b0210], human hepatoma cell lines (BEL-7402 and HepG2) were treated with 200 mT SMF (30 min/24 h at 250 *Hz*, 400 *Hz*, and 500 *Hz*) for 3 and 6 days. After 6 days, significant apoptosis was induced in BEL-7402 with 400 *Hz* and 250 *Hz* treatment. In contrast, these treatment conditions had no measurable influence on HepG2 cells suggesting tailorability of magnetic treatment to target specific cancer cells. This treatment reduced the expression of Bcl-2 and Caspase 8 in treated BEL-7402 cells, while the Caspase 3 and Caspase 9 were significantly up regulated [@b0210]. From these studies it is understandable that the use of SMF between 200 and 2000 mT on various cancer cells expresses apoptotic protein and increases apoptotic rate via altering gene expression of bcl-2, bax, p53 and hsp70 in freshly isolated human lymphocytes. These altered gene expressions controls the influx of Ca^2+^ towards cellular compartment by altering membrane permeability [@b0215]. Moderate intensity of SMF (8.8 mT exposed for 12 h) found to affect metabolic activity (with or without 25 ng/mL Adriamycin) of cells, cell cycle distribution, DNA damage, cellular structure, and P-glycoprotein (P-gp) expression in K562 cells (human chronic myelogenous leukemia) [@b0220]. These experiments also revealed that the use of SMF along with drugs changes cell membrane characteristics and enlarge vacuoles inside the cytoplasm. Analysis of cell cycle demonstrated that the ratio of G2/M phase increases, while cell concentration in S phase significantly decreases. This study demonstrated that 8.8 mT SMF enhances cytotoxic potency of Adriamycin on K562 cells due to decrease in the P-gp expression [@b0220].

A-Mel3 tumors grown in dorsal skin fold chamber of hamsters and exposed to SMF (\< 600 mT) showed significant reduction in capillary red blood cells velocities (vRBC) and segmental blood flow in the tumor micro vessels [@b0225]. These changes are believed to be responsible for the observed reduction in tumor size as a result of insufficient nutrient flow. However, long-time exposure (64 h) of HTB-63 (melanoma), HTB 77 IP3 (ovarian carcinoma) and CCL 86 (lymphoma: Raji cells) cells to strong SMF (7 T) revealed relatively higher cell cycle arrest and cellular inhibition in HTB-63 than other cell lines [@b0230]. Detailed pulsed-field electrophoretic analysis revealed no DNA fragmentation and therefore it appears that prolonged exposure to very strong magnetic fields can also inhibit *in vitro* growth of these human tumor cell lines [@b0230].

Electromagnetic fields (EMF) and alternating magnetic fields (AMF) for cancer treatment {#s0025}
---------------------------------------------------------------------------------------

Hyperthermia based cancer treatments uses electromagnetic fields (EMF, generated using electromagnets instead of permanent magnets as in the case of SMF) with or without high frequency alternating or pulsed magnetic fields. In this treatment, hyperthermia with high heat is generated in the presence of magnetic NPs (typically iron oxide) due to Brownian and Néel relaxation [@b0235], [@b0240]. The origin of heat generation is primarily due to the production of eddy currents, hysteresis losses, relaxation losses and frictional losses. The Brownian relaxation (due to whole particle oscillation or rotation) and Néel relaxation (due to internal magnetic domain rotation) are responsible for heat generation in this cancer treatment ([Fig. 4](#f0020){ref-type="fig"}). However, hyperthermia created via Brownian relaxation appears to be more effective in inhibiting tumor growth due to its high heat generation capacity compared to Néel relaxation. Further, Hajiaghajani et al. [@b0245] evaluated the importance of design and shaping of magnetic fields in enhancing the efficiency of these treatments, while simultaneously improving the immunity of healthy cells toward chemotherapeutic drugs. They proposed triangular magnetic fields which exhibited up to 90% target efficiency in axillary artery of breast tissues.Fig. 4Brownian and Néel relaxation of MNPs exposed to AMF or PMF.

Earlier studies demonstrated that AMF/PMF therapies, in the presence of magnetic NPs, induce apoptosis in several tumor tissues and cancer cells (osteosarcoma, breast cancer, gastric cancer, colon cancer, and melanoma) [@b0250], [@b0255], [@b0260]. These therapies have been extensively studied *in vitro* using various human cancer cell lines namely pheochromocytoma-derived (PC12), breast cancer (MCF7, MDA-MB-231 and T47D), and colon cancer (SW-480 and HCT-116) [@b0265], [@b0270], [@b0275], [@b0280]. An interesting *in vitro* study reported by Crocetti et al. [@b0260] evaluated selective targeting of human breast adenocarcinoma cells (MCF7) using ultra-low intensity and frequency pulsed electromagnetic fields (PEMF). MCF7 cells along with normal breast epithelial cells (MCF10) were treated with 20 *Hz* PMF having 3 mT intensity for 30, 60, and 90 min/day up to 3 days. *In vitro* analysis in terms of apoptosis and cell electrical properties showed that MCF7 cells are highly reactive to 3 mT flux density and normal cells (MCF10) are unaffected. This investigation demonstrates that treatment parameters such as frequency, magnitude and treatment time can be tailored to selectively target malignant cells without harming healthy cells.

*In vivo* study on S-180 sarcoma (Mus musculus sarcoma) in mice using AMF/PMF of 0.8 T (22 ms, 1 *Hz*) suppressed the growth of sarcoma but enhanced the host immune cells. The heat generated (42--46 °C) with AMF/PMF application caused hyperthermic shock to tumor cells (cellular inactivation) leading to necrosis and apoptosis [@b0285]. In addition, the exposure of AMF/PMF found to change environmental pH inside the tumor tissues along with perfusion and oxygenation of tumor microenvironment [@b0290]. It was also revealed in Kunming mice (36--40 g) that the PMF can block the development of neo-vascularization required for tumor growth [@b0145]. In this investigation, the mice were treated for 15 min/day with PMF of 0.6--2.0 T having a pulse width of 20--200 ms and frequency of 0.16--1.34 *Hz*. Post-treatment analysis revealed swallowed endothelial blood vessel cells, which occluded the blood vessels and stopped oxygen and nutrition supplies inside the tumor [@b0145]. Although promising, similar studies on the effect of SMF and PMF on neo-vascularization under *in vitro* conditions would enable assessment of these treatments in treating large variety of cancers before expensive and time consuming *in vivo* trials.

Poor responsiveness of Glioblastoma multiforme (GBM, a malignant brain cancer) to surgery, chemotherapy and radiation therapy has also been effectively addressed using PEMF in conjunction with chemotherapeutic drugs. Combined use of 100 μM Temozolomide (TMZ) and EMF (100 *Hz*, 100 G) on U87 and T98G (human brain cancer cells) found to enhance cellular apoptosis synergistically by upregulation of p53, Bax, Caspase-3 and downregulation of Bcl-2 and Cyclin-D1 [@b0290]. EMF treatment enhanced the efficiency of TMZ by increasing ROS production in both cell lines and induced pre and pro apoptotic gene expression [@b0295]. In another study, U87 cells were treated with varying EMF (10--50 *Hz*, 10--100 G) for durations up to 24 h [@b0300]. Depending on the EMF frequency and intensity the cell proliferation and apoptosis were found to vary, which suggest that the cancer cell inhibition can occur only under specific treatment conditions. Therefore, the treatment conditions must be tailored to suit specific cancer type and the conditions may differ under *in vitro* and *in vivo* conditions.

Clinical trials involving the use of PMF/AMF to treat variety of cancers in different stages are also very limited. First pilot study by Ronchetto et al. [@b0305] reported the effect of extremely low frequency-modulated SMF on 11 patients with stage IV cancers (adenocarcinoma, squamous cell carcinoma, etc.). The treatment (20--70 min/day over 4 weeks) found to be safe and tolerable for humans. Recently, one study examined 1524 frequencies (0.1--114 k*Hz*) and identified tumor-specific frequency to treat 163 patients with different advanced cancers such as brain, pancreatic, ovarian, breast, prostate, lung, bladder [@b0310]. During treatment of 28 patients for 278.4 months (60 min treatment, 3 times/day) none of them had significant side effects leading to treatment discontinuation. Patients with advanced hepatocellular carcinoma (HCC) have severely impaired liver function and therefore cannot tolerate standard chemotherapy or intrahepatic treatments. Therefore, recently Phase I/II clinical study involving PEMF treatment of forty-one advanced HCC patients has been carried out by Costa et al. [@b0315]. In this study, the patients were treated with low levels of pulsed electromagnetic fields (100 *Hz* -- 21 k*Hz*) for 60 min (three times/day). Majority of the patients exhibited complete disappearance (5 patients) or immediate reduction in pain (2 patients) due to this treatment and no toxicities were observed. This study clearly showed stable disease (39%) for more than 12 weeks and therefore potentially provides safe and well tolerable treatment for HCC. The above clinical studies also demonstrate that tumor-specific frequencies can be effectively and safely used to treat variety of cancers, in different stages, and further studies prove to be highly beneficial for successful cancer treatment [@b0320]. A brief summary of *in vitro*, *in vivo* and clinical observations made during PMF/AMF based cancer treatments is presented in [Table 3](#t0015){ref-type="table"}.Table 3Summary of PMF/AMF based cancer treatment observations (adapted from [@b0320] with permission from John Wiley and Sons).Cancer cell lineTreatmentObservationsRef.*In vitro studies*Human Breast cancer (MDA-MB-231)PMF (50 *Hz*; 10 mT) for 24,48, and 72 hIncreased apoptosis of 20% and 50% after 24 and 72 h culture, respectively[@b0325]Colon cancer (SW-480 and HCT116)PMF (50 *Hz*; 10 mT) for 24,48, and 72 h11% and 6% increase in the apoptosis after 24 and 72 h culture, respectivelyUndifferentiated PC12 pheochromocytoma cells and differentiated PC12 cellsShort PMF (50 *Hz*, 0.1--1 mT) for 30 minUndifferentiated PC12, increased ROS level and decreased Calalase activity. No change in Ca+[@b0330]Long PMF (50 *Hz*, 0.1--1 mT) for 7 daysUndifferentiated PC12, increased intracellular Ca+ concentration and Catalase activity. No significant finding in differentiated PC12  Animal TypeTreatmentMethod and observationsRef.*In-vivo studies*T cell immunodeficient female nude mice (12 nos. in 4 grp, n = 3)Breast tumor cell line \[EpH4-MEK Bcl2^13^ cells (1 \* 10^6^)\] injected by IV routeGrp 1, 2, 3 were exposed to PMF (1 *Hz*, 100 mT) daily for 60,180, and 360 min for 4 weeks and Grp 4 no treatment\
Mice exposed to 60,180 min treatment showed 30--70% reduction in the reduce tumor[@b0335]Rats (60 Nos. strain not reported; divided into 6 grps)Intraperitoneal injection of DEN (carcinogen)Grp 1&4 PMF (2--3 *Hz*; 0.004 T) for 30 min/day till 6 days/week for 4 week.\
Grp 2&5 PMF (≤1 *Hz*, 0.6 T) for 15 min/day for 6 days/week for 4 week. Grp 3 and 6 remains untreated\
Significant decrease in serum AFP level and improvement in dielectric properties of liver[@b0340]SKH-1 immunocompetent albino mice (Nos. 23)Sun-cutaneous injection of B-16 murine melanoma cells (1 \* 10^5^)PMF (0.5 *Hz*, 0.2 T) 3 times a day for 6 days\
Exhibited significant pyknosis, reduction of cell nuclei by 54% within few minute and 68% reduction in 3 h. Reduction of blood flow in 15 min of treatment[@b0345]Female nude mice (Nos. 4)Sub-cutaneous injection of melanoma cell (B16-F10-cGFP, 1 \* 10^5^) on mouse skinPMF (5--7 *Hz*, 0.2 T) for 6 min till 10 days\
Melanoma reduced, pyknosis observed in 24 h[@b0095]  TypePathology/TreatmentObservationsRef.*Clinical trials*Companionate and investigative (28 Nos. patient)Galioblastoma, Mesothalioma, Oligodendroglioma, Sarcoma, HCC and Breast, Neuroendocrine, Ovarian, Pancreatic, Prostate, Thyroid Cancer\
PMF (0.1*--*114 *Hz* for 60 min) 3 times a day till 278.4 month1 patient for thyroid cancer stable after 3 yrs\
1 patient for meso-thelio metastasis to abdomen stable after 6 months\
1 patient for non-small cell lung cancer stable after 5 months\
1 patient for pancreatic metastasis stable after 4 months[@b0310]Open level single group Clinical trial phase I/II (41 nos. patient)Advanced HCC observed.\
PMF (100 *Hz*--21 k*Hz*, 1.5 T) for 60 min 3 times/day till 6 monthComplete disappearance of VEGF structure in - 5 nos.\
Decrease in pain- 2 nos.\
Well responded- 4 nos.\
No change- 16 nos.[@b0315]

Use of magnetic fields with anticancer drug and drug delivery systems (DDS) {#s0030}
---------------------------------------------------------------------------

SMF and AMF/PMF have also been used to improve the efficiency of drugs and drug delivery systems (DDS) for potential cancer treatment. However, studies related to their *in vivo* use and clinical trials appear to be very limited. Some recent studies revealed that SMF also have strong influence on the reactivity of chemotherapeutic drugs, which can minimize drug dosage and its side effects [@b0220]. Similarly the positive effect of 8.8 mT SMF on Cisplatin potency in inhibiting chronic myelogenous leukemia (K562) cells was reported by Chen et al. [@b0350]. In this study, Authors treated four groups of cells: Grp 1: control group, Grp 2: SMF exposed group for 12 h, Grp 3: Cisplatin treated at 5, 10, and 20 µg/mL for 12 h and Grp 4: SMF + Cisplatin (5, 10, and 20 µg/mL) [@b0350]. Maximum cell inhibition was found with SMF + Cisplatin treatment and the cells were found to halt in S phase. SMF is believed to change motion of Cisplatin molecules within and between the cells leading to increased intracellular drug levels. The synergistic effects of SMF and Cisplatin enhanced the DNA-Cisplatin interactions i.e. increased DNA damage associated with absorbability of drug MDR (Multidrug resistance-associated protein) expression and transport. Since Cisplatin is a radiosensitizer, Babincová et al. [@b0355] studied the influence of combination treatment involving radiation, chemotherapy (Cisplatin) and PMF induced hyperthermia on lung carcinoma cell line. Two cell lines H460 and A549 (which are Cisplatin sensitive and resistant, respectively) were treated with combination treatment (15 min AMF, 1.5 Gy radiation, 2.1 µM and 59 µM Cisplatin for H460 and A549 cells, respectively). Both cells showed up to 90% inhibition indicating positive influence of this combination treatment on cancer cell inhibition. But no detailed mechanism of action could be identified [@b0355].

In another study, the effect of different drugs on K562 cell (erythroleukemia type cell) activities under the influence of 9 mT SMF has been evaluated [@b0360]. The drugs evaluated in this investigation were Taxol (10 ng/mL), Doxorubicin (25 ng/mL), Cisplatin (10 g/mL) and Cyclophosphamide (0.4 mg/mL). It was observed that after Taxol + SMF treatment (24 h) the cell surfaces exhibited 0.1--0.5 μm long pore-like structures. In addition to large apophyses (0.3--1.3 μm) with large holes of 0.47 μm diameter and irregular apophyses (1.85 and 2.04 μm in diameter) were also observed on the treated cells. These holes are believed to help in easy uptake of anticancer drug thus enhancing the drug's potency. Similar changes in the cell surface were observed with Doxorubicin + SMF treatment. The use of other drugs (Cisplatin and Cyclophosphamide) also revealed pores of varying sizes on these cells [@b0360]. From these results it can be concluded that the SMF induced alteration of membrane permeability increases drug internalization by the cancer cells and thus strengthen the effects of anticancer drugs. But very little information is available on clinical effects of SMF in the presence of chemotherapy drugs. However, Salvatore et al. [@b0365] performed Phase I clinical trials on patients with advanced malignancy using SMF (3--28 mT, 15--30 min/day up to 14 days) and antineoplastic chemotherapy. The data of 10 patients, in terms of white blood cell and platelet count, showed no difference between treatment and control groups suggesting that this combination treatment is safe.

Several PMF studies also recorded significant improvement in the potency of anticancer drugs. For example, Dunn osteosarcoma cells exposed to PFM (0.3--0.4 mT, 10 *Hz* with 25 µs pulses) in the presence of 0.01 mg/mL Adriamycin showed over expression of P-glycoprotein in ADR-resistant osteosarcoma cells due to changes in their membrane functions [@b0370]. On the other hand, PMF exposure promoted non-resistant cells growth in an ADR-free medium, while simultaneously suppressing the growth of more differentiation resistant cells [@b0370]. Prompted by these *in vitro* results, *in vivo* trials using PMF (200 *Hz*, 4 mT) reportedly increased the life span of rat by 17.6% when treated along with Mitomycin C for 90 days [@b0375]. Another important application of magnetic fields for cancer therapy involves the use of magnetic fluids to which biomolecules are chemically bound. These fluids are typically directed within the tumor using high energy magnetic fields. Preliminary experiments with malignant adeno carcinoma of colon or hypernephroma exposed to 0.2--0.5 T magnetic field in the presence of Epirubicin containing ferrofluid revealed excellent tumor responses [@b0190]. Although the above studies demonstrated consistent evidence on drug potency enhancement with SMF and PMF applications, the effect of these magnetic fields on the drugs is not yet known.

Biological effects of ultrasound {#s0035}
================================

Currently ultrasound (US) is being widely used in screening diseases, assessing tissue conditions and also in the treatment of diseases/conditions. US is the most popular and efficient non-invasive technique for diagnostics and treatment of different parts of human body without harmful effects. Generally, sound waves with a frequency between 0.7 and 3.3 M*Hz* are used by placing a transducer or applicator on patient\'s skin and the penetration depth can be easily tailorable. Earlier, US has been mainly used for relaxation of connective tissues like ligaments, tendons, and fascia. Later developments showed that US can also be effectively used to treat muscle strains, joint inflammation, metatarsalgia, impingement syndrome, rheumatoid arthritis, osteoarthritis, and scar tissue adhesion [@b0380]. High intensity focused ultrasound (HIFU) pulses have also been used to dissolve kidney stones and gallstones -- a treatment widely known as Lithotripsy. Focused US generated microbubbles can act as effective non-invasive delivery medium of drugs across the blood-brain barrier. Another version of US is low intensity pulsed ultrasound (LIPUS) which is very popular for tooth/bone stimulation and regeneration/growth [@b0385]. Recently, transcranial US has been used to aid tissue plasminogen activator treatment in stroke sufferers by US enhanced systemic thrombolysis [@b0390]. US can also be applied for long durations to increase local circulation and accelerate musculoskeletal tissues healing after an injury. The diagnostic US uses frequencies in the range of 1--20 M*Hz*, but for cancer treatment a frequency between 0.8 and 3.5 M*Hz* is most effective. Application of various US in medicine is summarized in [Table 4](#t0020){ref-type="table"}. The severity of known thermal and mechanical effects of US depends on US parameters (frequency, focusing, pulse repetition frequency, pulse duration, exposure time, intensity, etc.) and more importantly on the attenuation coefficient and acoustic impedance of biological tissues. Therefore, the thermal and mechanical effects required for cancer treatment might interfere with healthy tissues leading to adverse biological effects. As a result, apart from its known cellular effects the genetic, fetal, neural and pulmonary effects of US must be considered for effective and safe use of US for cancer treatment [@b0395].Table 4Summary of FDA approved US therapies (adapted from [@b0080] with permission from John Wiley and Sons).Type of ultrasoundTreatmentMechanismFrequency (M*Hz*)Ref.Unfocused BeamTissue WarmingHeating by portable hand held machine1--3[@b0400]HyperthermiaCancer TherapyRegional Heating1--1.3[@b0405]HIFU (High intensity focused ultrasound)Uterine fibroid ablationThermal Lesion0.5--2[@b0410]HIFUGlucoma ReliefPermiabilization with fixed probe4.6[@b0415]HIFULaproscopic tissue ablationThermal lesion with hand held machine4[@b0420]HIFULaproscopic open surgeryThermal lesion3.8--6.4[@b0425]Focused UltrasoundSkin Tissue TighteningThermal Lesion with hand held machine for both imaging and treatment4.4--7.5[@b0430]Extracorporeal LithotripsyKidney stoneMechanical stress, Cavitation with image guidance≈150 k*Hz*[@b0435]Intracorporeal LithotripsyKidney StoneMechanical stress, Cavitation by percutaneous probe25 k*Hz*[@b0440]Extracorporeal Shockwave TherapyPlantar fasciitis epicondylitisMechanism unknown≈150 k*Hz*[@b0445]PhacoemulsificationLens removalVibration &cavitation generate with probe40 k*Hz*[@b0450]LiposuctionAdipose tissue removalFat liquification % cavitations generate with probe20--30 k*Hz*[@b0455]Tissue cutting and vessel sealingLaproscopic or open surgeryThermal lesion and vibration with hand held machine55 k*Hz*[@b0460]Intravascular USThrombus dissolutionGas body cavitations by intravascular catheter2.2[@b0465]Skin permiabilizationTransdermal drug deliveryUnknown55 k*Hz*[@b0470]LIPUSBone fracture healingUnknown1.5[@b0475]

Therapeutic strategies based on US depend on the interaction of acoustic waves with biological soft tissues through thermal and non-thermal physical mechanisms producing wide range of biological effects. Thermal bio-effects originate from temperature increase due conversion of acoustic energy into heat. When US interacts with biological tissue it oscillates the tissue and rises its temperature, typically between 65 and 100 °C, depending on the US parameters and type of tissue being exposed. Through compression and rarefaction wave characteristics of US, the tissues oscillate about a fixed point of tissue rather than moving with the wave itself causing oscillation in the cells. These molecular vibrations in the tissue results in heat generation and the temperature rise can be tailored to achieve hyperthermia to treat cancer. HIFU is one such approach based on thermal effects induced by US. Non-thermal effects of US include mechanical effects, radiation force, acoustic streaming which act on tissues as physical stimuli [@b0400]. US also create non-inertial cavitation in biological tissues which is responsible for slow growth of oscillating bubbles inside the cells. The repeated oscillation and collapse of these microbubbles, known as microstreaming, generates strong radiation forces within the tissue. The negative pressure created by bubble collapse and their harmonic oscillations generate microstreaming creating small sized pores in the cell plasma membrane. These US generated pores enable easy entry of extracellular agents such as markers, genes, anticancer drugs, in to cells via sonoporation (acoustic cavitations) mechanisms [@b0480]. Therefore, various US have been used and shown to have positive influence on cancer treatment, which are discussed in the following sections. Generalized experimental set up for US mediated cancer treatment is shown in [Fig. 5](#f0025){ref-type="fig"}.Fig. 5Generalized experimental set up for US mediated cancer treatment (a) *In vitro* and *in vivo* treatment (b) Clinical trials.

Cancer treatment using high intensity focused ultrasound (HIFU) {#s0040}
---------------------------------------------------------------

Usually surgery based cancer treatment is aimed at removing the tumor with an adequate normal tissue margin. But if there is a possibility to minimize the normal tissue damage by applying non-invasive technique, which can destroy the required tissue volume and results in disease free survival of the patient, then it will be a remarkable achievement in cancer therapeutics. For this purpose, US with frequencies between 0.8 and 3.5 M*Hz*, with much higher energy levels than standard diagnostic US, have been used [@b0485]. Cancer treatment using these US depends on heat generated due to conversion of mechanical energy into heat energy through 'inertial cavitations' as shown in [Fig. 6](#f0030){ref-type="fig"}. In this process the US progresses through tissues and causes alternating cycles of increased and reduced pressure (compression and rarefaction, respectively). This pressure oscillation inside the microbubbles collapses the bubbles releasing energy in the form of heat and mechanical/pressure energy. HIFU is one of the most popular US currently being used for cancer treatment using this principle. In several centers worldwide, it is now being used clinically to treat solid tumors (both malignant and benign), including those of the prostate, liver, breast, kidney, bone and pancreas, and soft-tissue sarcoma [@b0485]. Further, the majority of cancer patients suffer from severe pain due to malignancies, which not only affects quality of life but also decreases treatment outcome. Current pain relief medications often result in systemic toxicity and other side effects. Very recently it has been found that HIFU can be effectively used to relieve pain by changing pain origin pathways influenced by neuromodulation, tissue denervation and tumor mass reduction [@b0490].Fig. 6Schematic showing the principle of high intensity focused ultrasound to produce energy via microbubbles inside tissues.

*In vitro* experiments on prostate cancer cells treated with HIFU resulted in rapid increase in apoptosis as evidenced by over expression of Chk2 [@b0495]. Further, HIFU exposed area exhibited rapid increase in temperature up to 80 °C leading to cell destruction. Human prostate cancer cell lines LNCaP, PC-3, and DU-145, have also been treated for 15, 30, 60, 120 or 180 min *in vitro*. Out of 14 samples, Chk2 activation was detected in 8 cases. After HIFU treatment, Chk2 activation was observed in prostatic glands which were surrounded with areas of coagulative necrosis, but before HIFU treatment the Phosphorylated Chk2 staining was very weak. HIFU induced Chk2 activation caused DNA damage and resulted in cell cycle arrest or apoptosis and finally cell death [@b0495]. Because of low duty cycle, pulsed HIFU can minimize heat generation and eliminate normal tissue destruction, but can selectively affect cancer cells via non-thermal mechanisms. In another study, murine squamous cell carcinoma (SCC) model (SCC7) [@b0500] exposed to pulsed HIFU enhanced the inhibition of tumor growth when injected with tumor necrosis factor-α plasmid deoxyribonucleic acid. In this *in vitro* investigation, SCC7 cells were exposed to 10^−8^ or 10^−7^ mmol/L bortezomib (BTZ). Then the murine SCC7 cells were inoculated subcutaneously in the right flank of 33 immuno-competent syngeneic C3H mice. When the tumors reached a size of 100 mm^3^, the mice were individually randomized in one of three BTZ dose groups and exposed to HIFU (1 M*Hz*) on 1st day of treatment. It was observed that the combination of HIFU and 1.0 mg/kg of BTZ can significantly slow down tumor growth. The treatment also enhanced apoptosis on 1st day, after treatment initiation, compared to control samples. This study demonstrated that pre-exposure of murine SCC xenografts to pulsed HIFU results in tumor growth inhibition and early induction of apoptosis at lower dose of BTZ than that of BTZ treatment alone. It is argued that HIFU exposure produce local temperature elevations of 4--5 °C in the targeted tissue, where the temperature sensitive liposomes activation enhances the uptake of BTZ. The local hyperthermia also increases blood flow to the targeted tumor because of increased vasodilation and hence BTZ rapidly cleared from circulatory system. Therefore, the pulsed HIFU appears to play a role in improving drug extravasation as well [@b0500].

The success of HIFU in *in vitro* and *in vivo* experiments resulted in numerous clinical investigations to treat variety of cancers, including prostate, breast, liver, kidney, pancreas, and bone malignancy [@b0505]. First clinical assessment (Phase I/II trials) of HIFU treatment efficiency and safety for prostate cancer treatment was reported by Gelet et al. [@b0510]. Among 50 patients studied, 56% patients showed no residual cancer and in 80% of the patients local control of localized prostate cancer was observed. HIFU has also been clinically evaluated for advanced-stage pancreatic cancer [@b0515]. The tumors appear to shrink in size due to the absence of blood supply, but the median survival time of patients was 11.25 months. Later studies on advanced pancreatic cancer (stage III or IV) treatment demonstrated good survival rates i.e., 52% for 6 months, 30% for 12 months, and 22% for 18 months [@b0520]. Further increase in survival rates (up to 82%) with significant pain relief (79%) has also been reported by Gao et al. [@b0525]. However, recent study of 224 advanced pancreatic cancer cases demonstrated that HIFU treatment may not be safe for all patients unless careful preoperative preparation is followed [@b0530]. Similarly, controlling the depth of ablation by HIFU is an important factor for clinical success of this non-invasive treatment. A single-center study by Ge et al. [@b0535] revealed that ablation decreases by 30% with 1 cm increase in the tumor depth (a critical parameter for treatment procedure). This means that the efficiency of HIFU decreases significantly with increase in the tumor depth. It was concluded that posterior tumor depths \< 7 cm can be effectively treated with HIFU with minimal adverse effects.

In many reports HIFU has been successively used for breast cancer treatment. HIFU beam power between 150 W and 400 W (intensity was 5000--20,000 W/cm^2^) was used in 25 patients to ablate breast cancer [@b0540]. In 12 month follow-up no metastatic lesion was detected in these patients. HIFU treatment destroyed tumor capillary ultra structure along with disintegrated capillary endothelium and cavitated peritubular cells. Multiple irradiations were required for complete tumor eradication but small tumors of size \< 1 cm^3^ could be completely eradicated by single pulse of irradiation. Hematoxylin-eosin (HE) staining results showed immediate cell damage followed by cell pyknosis, significant widened cell gaps, intact cell contours, and tumor vascular thrombosis. However, some mild complications like edema, mild fever, pain were also observed, which were controlled by symptomatic treatment [@b0540].

Initial trials of lung cancer treatment using HIFU have been unsuccessful as ventilated lung is a total acoustic absorber and reflector. However, the problem has recently been addressed by lung flooding [@b0545]. This study used *ex vivo* human lung cancer model and simulated tumors *in vivo* in pigs. It has been shown that HIFU treatment increases temperature by 52.1 K after ten seconds of exposure, which results in coagulation necrosis of cancer tissue. Treated cancer tissue became strongly hyperechoic after HIFU exposure as shown in [Fig. 7](#f0035){ref-type="fig"}a and b. Coagulative necrosis and cellular membranes alteration was observed with HE staining, [Fig. 7](#f0035){ref-type="fig"}c. This study revealed that in combination with lung flooding, HIFU treatment produces thermal effect that has potential for lung cancer treatment [@b0545]. A review of clinical outcome on breast cancer treatment using HIFU in China and Europe indicated its safety and feasibility for small tumors (\<2 cm) with very high success rates up to 100% [@b0550]. However, randomized clinical trials and comparison with standard surgery are yet to be performed.Fig. 7(A) Adenocarcinoma of lung (B) After single HIFU treatment (C) Strong hyperechoic sonolesion observed in the tumor (adapted from [@b0545] with permission under the terms of the Creative Commons Attribution 2.0 License).

All these studies show that the focused HIFU cause thermal ablation of cancer tissues without effecting adjacent tissues. Typical stages of cancer tumor ablation consists of (i) cellular homeostasis at ∼40 °C, (ii) between 40 °C and 45 °C hyper thermic shock of tumor tissues, (iii) slow rate of cellular damage in the temperature range of 46--52 °C and (iv) at 60--100 °C destruction of infected tissues by necrosis. Finally at 105 °C vaporization and carbonization of cellular content can also takes place. HIFU appears to cause acoustic cavitation as well, which enhances the heating effects as a result of absorption of broadband acoustic emissions generated by inertial cavitation [@b0555]. Initially tiny gas bubbles distributed in the cells create large frictional pressure at infectious nuclear site and when this frictional pressure exceeds certain threshold, the inner lining of blood vessel damages leading to rupture of blood vessel and cellular membrane. Currently, HIFU treatment of pancreatic cancer is available in China, South Korea, and Europe [@b0560].

Cancer treatment using low intensity ultrasound (LIU) {#s0045}
-----------------------------------------------------

Recently, the use of LIU for cancer treatment is gaining importance. LIU directly affect cancer cells and their components by enhancing the activity of chemotherapeutic drugs via sonoporation. LIU induced cavitation produces free radicals that can kill rapidly dividing cancer cells. Hematoporphyrin and its derivatives up-taken and retained in the tumors can be facilitated by LIU. Therefore LIU treatment damages cancer cells with minimal bio-effects. These hematoporphyrin, like all other sonosensitizers, are initially injected intravenously prior to insonation to enable uniform distribution inside the tumor. The sonication parameters (typically 1.0--2.0 M*Hz* with an intensity of 0.5--3.0 W cm^−2^) generate inertial cavitation inside the tumor. The rapid production and collapse of microbubbles produce mechanical shock waves, free radicals and apoptotic initiators, which inhibit cancer cell growth [@b0565]. LIU mediated *in vivo* delivery of Cisplatin revealed enhanced effectiveness of the drug and reduced its harmful side effects [@b0570]. Collapsing and cavitating microbubbles (induced by LIU) generate sufficient pressure to permealize cancer cellular membrane enabling easy entry of exogenous drug molecules inside the cells followed by endocytosis of therapeutic compound. Significant increase in the apoptosis of murine colon carcinoma and murine mammary carcinoma cells was observed with the use of LIU (1.5 M*Hz*, 0.03 W cm^−2^, 0.1 MPa) in the presence of anticancer drug [@b0575].

Four major areas of cancer treatment namely sonodynamic therapy, US assisted chemotherapy, US mediated gene delivery and US based anti-vascular therapy have been reportedly used LIU [@b0580]. Typically the intensity of US for these treatments was \<5.0 W/cm^2^ with a pressure of 0.3 MPa. In sonodynamic therapy, LIU (0.5--3.0 W/cm^2^, 1.0--2.0 M*Hz*) produces cavitation microbubbles that collapse and create shockwaves creating free radical and other molecular events that activate sonosensitizers leading cancer cell death. Other effects of LIU such as thermal and anti-vascular have also been reported to have influence on observed apoptosis and ROS production [@b0585], [@b0590]. In addition to popular sonosensitizers (Hematoporphyrin and Protoporphyrin IX), anticancer drugs have also been used as sonosensitizers in LIU treatment. *In vitro* studies on several cell lines (Hepatic, Glioma, Human breast, Ovarian, Human leukemia, Human melanoma, Murine sarcoma 180, etc.) and *in vivo* trials with variety of tumors (Murine sarcoma 180, Colon, Hepatic, Gastric, Galioma, Breast, osteosarcoma, etc.) have reported positive effects of sonodynamic therapy on cancer treatment [@b0590]. However, trials on large animals and humans are not yet reported.

LIU application in the presence of chemotherapeutic drugs demonstrated to enhance their internalization and delivery to the cancer cells. Its use minimizes the toxic effect of drugs on nearby healthy cells. This approach has been used in variety of treatment combinations such as LIU + drugs, LIU + drugs + microbubbles and LIU + drug loaded microbubbles [@b0590], [@b0605]. Here again several *in vitro* and *in vivo* trials have been reported to have significant benefits of using LIU-mediated drug delivery for targeted cancer treatment. *In vitro* studies revealed increased cell uptake of drugs due to LIU generated microjets (assisted by cavitation) which destabilizes cancer cell membranes [@b0595]. Yoshida et al. [@b0600] observed enhanced inhibition and apoptosis of U937 (human histiocytic lymphoma) cells due to increased formation of Hydroxyl radicals when LIU (at ≥0.3 W/cm^2^) was used with doxorubicin (DOX). Increasing DOX concentration and treatment time resulted in significant changes in cell membrane. Therefore, it seems that the enhanced drug intake is due to easy cavitation and sonoporation of cell membrane as a result of DOX induced weakening of cells. Tumors treated with LIU in the presence drugs also showed uniform distribution of drug throughout the tumor leading to decrease in vascularization and tumor growth [@b0605].

Use of ultrasound with anticancer drug and DDS {#s0050}
----------------------------------------------

Ultrasound mediated targeted drug delivery has been evaluated in several cancer cell lines with minimal lysis. The US irradiation found to increase cancer cell inhibition or death in the presence of drugs and DDS. It has also been observed that malignant cells are more sensitive to US irradiation due to their unique cell membrane properties compared to normal cells. Therefore, US can be used to selectively alter the membranes of diseased cells. Further, it has been recently demonstrated that the use of MNPs as DDS can significantly enhance ultrasonic hyperthermia [@b0610]. The enhancement in thermal effects of US is primarily attributed to the increase in US absorption in the tissue-mimicking phantoms with MNPs. Reported temperature change [@b0610] was 19 mK/s, 42 mK/s, and 91 mK/s for magnetic hyperthermia, US hyperthermia, and magnetic + US hyperthermia, respectively. Similar enhancement in US heating has been reported by using multifunctional MNPs (γ-Fe~2~O~3~) along with low-power US frequencies (1 and 3.5 M*Hz*) [@b0615]. Detailed experimental and numerical modeling studies showed a temperature increase between 28 °C and 31 °C with 3 min exposure of 3.5 M*Hz* US in the presence of 0.26--0.35% (w/w) MNPs. Such an enhancement in elevated cytotoxic temperature, using US + MNPs, enable achieving desired therapeutic goal with lower intensity and duration of US treatment. Moreover, the presence of MNPs alone can effectively induce hyperthermia with AMF, as discussed earlier. Recently, Shakeri-Zadeh et al. [@b0620] reported that the temperature changes within and surrounding the tumor can be controlled with US-assisted magnetic drug delivery. They used colon tumor (CT~26~) in BALB/c mice administered with 5-Fu-loaded MNPs and treated with 3-M*Hz* US at 0.1, 0.3, 0.5, and 1 W/cm^2^ for 10 min. It was observed that by changing the US intensity tumor temperature can be tailored [@b0620].

Metronomic chemotherapy is a new approach (frequent dosing of small amounts of anticancer 5-FU derivative (5′-DFUR)) that is being proposed to lower the immune competence of patients showing no response to US as adjuvant treatment [@b0625]. LIU (1 M*Hz*, 2 W/cm^2^, 50% duty cycle, 60 s) has been used to treat human uterine sarcoma cell line (FU-MMT-3) in the presence of Irinotecan (CPT-11) and SN38 [@b0625]. It was found that the treatment significantly decreased VEGF expression during early time period of 4 days, [Fig. 8](#f0040){ref-type="fig"}a and b. Further, the TSP-1 (Thrombospondin-1) mRNA expression decreased significantly in FU-MMT-3 cells exposed to 5 nM SN38 as shown in [Fig. 8](#f0040){ref-type="fig"}c. However, 5 nM SN38 showed a significant anti-proliferative effect compared to control on day 4 ([Fig. 8](#f0040){ref-type="fig"}d).Fig. 8(a) Inhibition of VEGF mRNA expression with US treatment along with SN38, (b) The concentration of VEGF secreted from the cells, (c) TSP-1 expression in the treated cells, and (d) The concentration of TSP-1 secreted from cell [@b0625] (With permission from John Wiley and Sons).

This combination treatment clearly showed significant reduction in tumor volume and extended the survival of mice compared to treatment alone. It appears that the effect of chemotherapy drug has been accelerated by US for human uterine sarcoma treatment. Similarly, the cytotoxicity of Doxorubicin (DOX) on human primary liver cancer (PLC) cells has been enhanced with LIU [@b0630]. In this study, US with 1.0 M*Hz* frequency and 100 *Hz* pulse repetition frequency with 0.2--0.5 W/cm^2^ was used. US treatment at 0.5 W/cm^2^ in the presence of DOX significantly enhanced cell killing and apoptosis. When the intensity was 0.3 W/cm^2^, DOX induced inhibition was high after 60 min of incubation with only 10 μM of drug [@b0630]. Another important effect of such combinational therapy is hyperthermia in human lymphoma cells, where 50% of cells were in apoptotic region. The histology of animal tissues treated with drug or DDS along with US revealed mitochondrial inflammation with chromatin condensation and rupture of cellular membrane, which are clear indicators of early apoptosis in these tumors [@b0635]. A summary of different studies performed to assess the influence of US on *in vitro* and *in vivo* cancer cell inhibition in the presence of drugs or DDS is presented in [Table 5](#t0025){ref-type="table"}.Table 5Summary of *in vitro* and *in vivo* US therapy in the presence of drug or DDS (adapted from [@b0580] with permission from Elsevier).*In vitro* studiesCancer cellsDrug/DDSUS parametersReferencesM*Hz*W cm^−2^Murine Sarcoma 180Hematoporphyrin1.6--1.921.0--6.0[@b0650], [@b0655], [@b0660]Protoporphytin IX1.0--2.20.64--5.0[@b0665]HepaticTitanium NPs0.5--1.00.1--0.8[@b0640], [@b0645]Human BreastChlorine6 + adriamycin1.00.5--2[@b0650]OvarianCisplatin1.02.0[@b0655]ColonProtoporphyrinIX + NPs1.12.0[@b0660]Osteosarcoma (rat)Hematoporphyrin10.50.8[@b0665]  *In vivo* studiesTumor (animal model)Drug/DDSUS parametersReferenceM*Hz*W cm^−2^Murine Sarcoma 180Hematoporphyrin1.921.7[@b0670]Pheobromide-a1.923.0[@b0675]Sinoporphyrin sodium1.92.0--6.0[@b0680]ProtoporphyrinIX2.25[@b0685]HepaticTitanium NPs1.01[@b0640]Hematoporphyrin microbubles1.02.0[@b0690]GastricAntibody/Ga-porphyrin1.02[@b0695]Porphyrin derivatives1.02[@b0700]ColonATX S102.03.0[@b0705]Protoporphyrin + NPs1.12[@b0660]

Conclusions and future perspectives {#s0055}
===================================

Magnetic fields of various strengths, ranging from mT to T, have been found to influence variety of cancer cellular activities and particularly significant inhibitory effect was observed on cancer cell growth. The use of static magnetic fields generates free radicals in the form of ROS/RNS and induces apoptosis in cancer cells. Hyperthermia generated by alternating magnetic fields inhibits cancer cell proliferation and enhances the treatment efficiency by easy internalization of drugs. Among different magnetic field-assisted cancer therapies, pulsed electromagnetic field (PEMF) treatment appears to have strong application potential due to reasonably good understanding of tumor-specific frequencies. Although the reports on PEMF treatment effectiveness in humans have been limited, further exploration of these tumor-specific frequencies can lead to successful application of PEMF for cancer treatment.

The use of ultrasound (US) for cancer treatment rely on both thermal and non-thermal effects i.e., hyperthermia and acoustic streaming/radiation force, respectively. Among different US, high intensity focused ultrasound (HIFU) has been investigated extensively and found to be highly effective in treating different cancers via hyperthermia. The US has also been very effective in creating stroma in the cell membrane thus enhancing the drug intake. The tumor cells demonstrated to acquire thermo-resistance due to repeated hyperthermia and the efficiency of hyperthermia based treatments decreases with repeated use. Therefore, among magnetic and US based treatments, the later demonstrated to have more effectiveness and strong application potential. However, US treatments also have some limitations in terms of tumor accessibility which require special transducers.

Although the studies discussed in this review provide good understanding on the effects of magnetic fields and ultrasound on cancer cells and tissues, further studies are required to establish their efficiency in clinical environment. For example, comparison of results of different literature appears to be very difficult due to large variations in US treatment conditions. This is equally applicable to magnetic field-based treatments as the treatment outcome strongly depends on magnetic field parameters. Majority of the studied reviewed here, except few, could not provide information on the influence of these treatments on drug resistant cancer cells, as these treatments found to have opposite effects on these cells. Therefore, the selectivity of treatments and/or treatment parameters based on cell resistance towards drugs may be studied. Further, the influence of US and magnetic fields on anticancer drugs and sonosensitizers is largely unknown. Therefore, more investigations in these lines are also required.
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